ABSTRACT
INTRODUCTION
As part of an ongoing research program at NASA Lewis to develop high-temperature ceramic matrix composites, glass of celsian composition, BaO.Al 2 O 3 .2SiO 2 , is being investigated1-5
The high melting point (1760 o C), low thermal expansion (2.29 x 10 -6 / o C), and good oxidation resistance of celsian offer great promise as a suitable matrix for reinforcement with high modulus ceramic fibers. Unfortunately, the high temperature phase, hexacelsian, forms metastably in this glass at all temperatures including those below 1590 o C, the temperature for celsian to hexacelsian transformation. The kinetics 6 of hexacelsian to monoclinic celsian phase transformation is very slow. In addition, hexacelsian undergoes a reversible transformation into an orthorhombic structure at -300 0 C accompanied by a volume change which makes it unsuitable as a matrix material for high temperature structural composites. Previous investigators 7 have shown that the substitution of SrO for BaO in polycrystalline BaO.Al 2 O 3 .2SiO 2 facilitates the hexacelsian to celsian transformation and, in fact, under certain conditions hexacelsian may never form.
The objectives of the present study were to investigate the effect of the presence of SrO in BaO.Al 2 O 3 .2SiO 2 glass on the physical properties such as density, thermal expansion, glass transition, and crystallization temperatures and hexacelsian to celsian phase transformation. In this paper, the monoclinic celsian (BaAl 2 Si 2 Og) phase will be referred to as celsian as will the same structure with Sr or solid solutions of the two.
Likewise, the hexagonal MAl 2 Si 2 O 8 (M = Ba, Sr) phase will be designated as hexacelsian regardless of the composition.
EXPERIMENTAL METHODS

Glass Melting
Glasses of various compositions (Table I) BaO.Al 2 O 3' 2SiO 2 was continuously fed into the furnace, the molten glass was continuously withdrawn through a manually controlled needle valve, and was quickly quenched, resulting in homogeneous, clear, and colorless flakes or rods of glass. The glass composition was changed by charging powders of increasing SrO content. The flakes were wet ground in an attrition mill using zirconia or alumina media, resulting in fine glass powder having an average particle diameter of '2.54m.
Chemical Analysis
The Ba, Sr, Al, and Si contents in the glasses were determined from wet chemical analysis and Mo by spectrographic technique. The estimated uncertainties of the two methods were +1% and +10%, respectively. The analyzed glass compositions are given in Table I . The presence of MoO 3 is probably due to the Mo electrodes used in electric melting of the glasses.
Heat Treatments
Heat treatments of the glasses were carried out in air using a programmable Lindberg box furnace with temperature control to better than +5 o C of the set value.
Cold Isostatic Pressing (CIP), Hot Isostatic Pressing (HIP), and
Sintering
Glass powders were uniaxially cold-pressed at 5,000 psi into 
Density
Bulk densities were determined from weights and physical dimensions of the sintered specimens. Apparent densities were measured by the immersion method using water.
Thermal Expansion Coefficient
The linear thermal expansion coefficient (a) and softening point of the glass were measured in static air on a glass rod about 1-in. long using an Orton automated recording dilatometer at a heating rate of 3 o C/min. The linear thermal expansion coefficient was also determined using a Perkin-Elmer thermal mechanical analyzer TMA-7.
Flexural Strength
The flexural strength of the sintered bars was measured in 3-point bending using an Instron machine. The span length of the test bars was 1.25 in. All tests were run at a crosshead speed of 0.05 inch/min.
Differential Scanning Calorimetry (DSC)
Glass transition (T g ) and crystallization (T c ) temperatures of the glasses were determined from DSC performed on powder samples using a Stanton-Redcraft DSC 1500 system which was interfaced with a computer data acquisition and analysis system. 
High-Temperature Differential Thermal Analysis (DTA)
The liquidus and crystallization temperature from the melt were determined using a Netzsch Thermal Analyzer STA 429 with a Super Kanthal heating element furnace. DTA runs were made on glass powder samples at a heating rate of 10 o C/min. in an atmosphere of helium.
X-ray Diffraction (XRD)
Crystalline phases present in the heat-treated glass samples were identified from XRD patterns recorded at room temperature using a step-scan procedure (0.03 0/28 step, count time 0.4 s) on a Philips ADP -3600 automated diffractometer equipped with a crystal monochromator employing copper Ka radiation.
Scanning Electron Microscopy
Microstructures of the fracture surfaces of the samples sintered at various temperatures were observed in a JEOL JSM -840A scanning electron microscope (SEM). A thin layer of gold was deposited onto the sample surface before viewing in the SEM.
RESULTS AND DISCUSSION
The liquidus on heating the glasses which crystallized and the crystallization temperature on cooling the glass melt were Perhaps the enthalpy change accompanying this transformation is too small to be detected in the DSC, although this does not seem likely.
The effect of glass composition on crystallization temperature, T c , as determined by DSC at a scan rate of 20 o C/min is presented in Figure 4 . The T c is essentially constant at 1040 o C. In all the glass compositions shown, hexacelsian crystallized except in SAS glass, which crystallized as the monoclinic phase under these conditions. Also shown in Figure 4 is the glass transition temperature, T g , for various compositions. The T value of 900 o C is almost independent of the glass composition.
The linear thermal expansion, a, of various phases formed with heat treatment in the SAS and BAS glass compositions are given in Table II . The corresponding a values available from literature are also listed. The higher a values for the hexagonal and orthorhombic phases than for the monoclinic phase for both compositions make these phases less desirable as matrix materials for fiber-reinforced composites for high temperature structural applications. The more important consideration for structural applications, however, is the volume change accompanying the orthorhombic to hexagonal transformation.
In Table III The results of a preliminary study for the HIP'd samples are presented in Table IV . As would be expected, densities close to theoretical values were obtained. Only the monoclinic phase was detected by XRD. There appears to be no difference between samples that were uniaxially cold pressed or CIP'd prior to HIP'ing. Previous work 4 had suggested that CIP'ing might aid in the formation of the monoclinic phase.
SUMMARY OF RESULTS
The liquidus, crystallization, and glass transition 
